The Particle swarm optimization (PSO) approach is an efficient meta-heuristic search method that can be used to solve the multi-objective and non-convex optimization problems that are normally generated when designing structure-specified H ' loop shaping controllers. In this study, PSO is used to design the controllers able to balance a bicycle robot, with a model-based systematic procedure for the controller design being proposed. Simulation and experimental results are presented that show that superior robustness and efficiency properties were obtained using the structure-specified H ' loop shaping controllers compared to those obtained using the proportional plus derivative as well as conventional H ' loop shaping ones. In comparison with the solutions obtained based on genetic algorithms, the use of PSO has a better efficiency in term of the computational time.
INTRODUCTION
An electric bicycle is a good means of transportation because of its environmental friendliness, light weight, and ability to travel along narrow roads. A bicycle is inherently unstable; without proper control, it easily falls over. Therefore, development of a self-balancing bicycle or a bicycle robot is an interesting research topic. A typical example of a bicycle robot is the Murata Boy robot which was developed in Japan in 2005. There are numerous approaches that can be used to balance bicycle robots, such as the use of flywheels [1] , steering control [2] , or moving the centre of gravity [3] . The use of flywheels, in which one or several spinning wheels are used as the gyroscopic stabilizer, has many advantages, including a short response time and good system stability even at the stationary position. The balancing principle based on spinning wheels can also be applied to systems which require dynamic balancing control during movements such as the balancing of a biped robot [4] . Various balancing control algorithms and methods have been reported in the literature, including the use of a non-linear proportional-derivative (PD) control, and the root locus approach [1, 3] . However, these control algorithms and methods are not robust and are limited to specific control conditions which means that the bicycles cannot carry additional loads and cannot work in rough terrains. Thus, the investigation of robust control algorithms that are able to demonstrate dynamic balancing control of bicycle robots in more realistic cases is of interest.
H ' loop shaping control is a well-known effective and robust control technique that is suitable for application to systems with unstructured uncertainties. It was first developed by McFarlane and Glover [5] , and has been successfully used in practical applications [6] [7] [8] [9] . However, controllers developed using the conventional H ' loop shaping control design normally have a high order, and are thus difficult to implement in reality. Low-order H ' loop shaping controllers can be synthesized using either the order reduction or structure-specified design methods. In the order reduction method, a full-order controller is designed, and it is then approximated by the lower-order one [6] . The parameters of a loworder structure-specified controller are determined such that the controller is admissible and the H ' norm from the exogenous inputs to the controlled outputs is minimized [9] . Although the structurespecified design method provides a better solution because of the use of a direct design approach; it normally generates a complex and non-convex optimization problem, which is difficult to solve analytically. Unfortunately, most of the search algorithms which have been developed to date, such as gradient-based search, require the parameter space to be differentiable.
The evolutionary algorithm (EA) approach consists of optimization methods that are able to find solutions to ill-behaved problems. EAs have been widely applied to the design of many control systems [10] . A subset of EAs, called the genetic algorithm (GA) approach, has been used to design the fixedstructure H ' loop shaping controller for a pneumatic servo-system [9] . Although the GA is a well-defined technique for optimization problems, and widely used in controller design, it still has limitations because of its stochastic search characteristics and complex computations which make the convergence to a global optimum slow.
The particle swarm optimization (PSO) approach is a recently developed evolutionary technique proposed by Kennedy and Eberhart [11] . PSO is based on a model of social interaction among independent particles. It uses social knowledge to find the global maximum or minimum of a generic function. It is fast and easy to implement because of its oriented searching and simple calculations [12, 13] , and it has been used to design advanced controllers. Mukherjee and Ghoshal [13] used PSO to design a fuzzy proportional-integral-derivative (PID) controller for an automatic voltage regulator system. Kao et al. [12] and Chang [14] used PSO to design PID controllers for slider-crank mechanisms and chaotic synchronization, and Bui and Parnichkun [15] used it to design a structure-specified mixed H2/H ' controller for balance control of a bicycle robot.
In this study, PSO is used to design a structurespecified H ' loop shaping controller. A nominal model of the system is initially shaped by a precompensator and a post-compensator in order to achieve a desired open-loop shape. A structurespecified controller is then defined. Finally, the PSO is used to search for parameters of the controller such that the controller is admissible and the H ' norm from the exogenous inputs to the controlled outputs is minimized. The proposed algorithm is successfully applied to the design of first-order and second-order H ' loop shaping controllers for balance control of a bicycle robot with a gyroscopic stabilizer. The designed robust controller is able to solve the system control complexities caused by unmodelled dynamics, parameter variations, and external disturbances.
The rest of this paper is organized as follows. A configuration and dynamics model of the bicycle robot used as a platform to test the control algorithms is described in detail in section 2.1. A brief presentation about H ' loop shaping controller design and PSO is presented in section 2.2 and section 2.3 respectively. A systematic procedure for the design of the proposed structure-specified H ' loop shaping control based on PSO is presented in section 2.4. Simulation and experimental results are presented in section 3. Finally, conclusions are drawn in section 4.
METHODS

Configuration and dynamics model of the bicycle robot
A bicycle robot called BICYROBO, has been developed for use as a platform to test the performance of proposed structure-specified H ' loop shaping controllers. It is based on a regular size bicycle. A detailed description of the configuration and dynamic model of the BICYROBO bicycle robot was described in [15] . The dynamics model in the state space representation is represented by equations (1) to (4)
where
The parameters of the BICYROBO bicycle robot model are presented in detail in Table 1 .
H ' loop shaping controller design
The H ' loop shaping controller design is based on the configuration shown in Fig. 1 . The nominal model of a system is defined as P, and the shaped plant with a pre-compensator W 1 and a postcompensator W 2 is defined as P s . The relationship between these variables is
where A s , B s , C s , and D s are the matrices of the shaped plant in the state space representation,M M andÑ N are the normalized left coprime factors of P s . By assuming that the shaped plant is perturbed by unstructured uncertainties DM and DN, the perturbed plant P D is presented as in equation (6)
Using the small gain theorem it is possible to show that the shaped plant P s is stable with all the unknown but the bound uncertainties DM DN ½ k k '
ve if and only if there exists an admissible controller K ' such that equation (7) is obtained
The minimization of c (the maximization of e) results in the maximization of the robustness of the system. A procedure, called the H ' loop shaping Structure-specified H ' loop shaping control for balancing of bicycle robots controller design, was proposed by McFarlane and Glover [5] and further developed by Tang et al. [16] . A block diagram of H ' loop shaping control is shown in Fig. 2 . The H ' loop shaping controller design procedure is summarized as follows.
Step 1: The nominal plant P is shaped using a precompensator W 1 and a post-compensator W 2 to achieve a desired open-loop shape. W 1 is used to achieve the tracking performance and disturbance attenuation and W 2 is used to attenuate the sensor noise. W 1 and W 2 are selected so that P s contains no hidden modes, and has the following properties.
1. To achieve a good tracking performance and good disturbance rejection: A large open-loop gain in the low-frequency range is required. 2. To achieve a good robust stability and sensor noise rejection: A small open-loop gain in the high-frequency range is required.
When W 1 and W 2 are selected, the value of c opt is evaluated using equation (8) where l max is the maximum eigenvalue
where Z and X are the solutions of the two following Riccati equations:
where R~IzD s D T s and S~IzD T s D s ð11Þ W 1 and W 2 are adjusted until a satisfied c opt is achieved. If c opt is too large (c opt . 4), W 1 and W 2 are incompatible and should be adjusted.
Step 2: Select eve opt~c {1 opt , and then synthesize a suboptimal controller K ' as shown in equation (12) K '
Step 3: The final controller is calculated as
2.3 PSO In the PSO system, multiple candidate solutions coexist and collaborate simultaneously. Each solution candidate, called a particle, flies through the problem space to look for the optimal position; it is similar to the search process for food by a swarm of birds [17] . A particle with time adjusts its position to its own experience, while adjusting to the experience of neighbouring particles. If a particle discovers a promising new solution, all the other particles will move closer to it, exploring the region more thoroughly in the process. The PSO algorithm is initialized with a population of random particles. It searches for the optimal solution by updating the particles in generations. Let the search space be N-dimensional, then the particle i is represented by an N-dimensional position vector
The fitness of particles is evaluated by the objective function of the optimization problem. The best previously visited position of particle i is noted as its individual best position P i~pi1 , p i2 , . . . , p iN ð Þ . The position of the best individual of the whole swarm is noted as the global best position G~g 1 , g 2 , . . . , g N ð Þ . At each step of the search process, the velocity of a particle and its new position are updated according to equations (15) and (16) 
where w, called the inertia weight, controls the impact of the previous velocity of the particle. The procedure for the H ' loop shaping controller design presented in section 2.2 is straightforward; and it is useful for application to systems with unstructured uncertainties. However, the obtained final controller has a high order which leads to difficulties when implemented in practice. Procedures for the design of lower-order robust controllers need to be investigated. A new method for designing a structure-specified H ' loop shaping controller based on the PSO is therefore developed in this study. Although the proposed controllers are for a single-input single-output (SISO) system, the investigated algorithms can be extended to multiple-input multiple-output (MIMO) systems. The procedure for the controller design is described in the following sections.
Selection of the weighting functions
Since the algorithm is based on the H ' loop shaping method, the plant is firstly shaped by using the precompensator and post-compensator. In this paper, lead/lag-type compensators are used for the weighting functions presented in equations (17) and (18) . The shaped plant can thus be described as
2.4.2 Structure-specified controller definition
The structure-specified controller, K(s), is defined as
The structure-specified controller can be in any desired form; for example, a PID, first-order controller, second-order controller etc. by judicious choice of suitable values of m and n.
Objective function definition
The structure-specified H ' loop shaping controller design problem can be defined as the problem of finding the parameters of all admissible controllers represented by equation (20) such that the H ' norm presented by the equation (7) T zw k k ' is minimized.
Equation (21) is defined as the objective function of the optimization problem and it can be evaluated using the robust control toolbox in MATLAB.
PSO-based design
Once an objective function and a structure of the controller are defined, the procedure for solving the optimization problem based on the PSO algorithm can be described in the following five steps:
Step 1: Set the particle i to x i~xi1 , x i2 , . . . , x iN ð Þ a 0 , a 1 , . . . , b 0 , b 1 , :: ð Þ . The number of parameters of the controller in equation (20) is the particle dimension N 5 m + n + 1. The maximum number of iterations is defined as GenMax.
Step 2: When the swarm size is H, initialize a random swarm of H particles as [x 1 x 2 … x H ].
Step 3: For each generation of particles, evaluate the objective function for each particle using the objective function of equation (21), and determine the individual best P i k ð Þ and global best G k ð Þ.
Step 4: Update the particle velocity and its new position using equations (15) and (16) .
Step 5: When the maximum number of iterations is reached, the algorithm is reached. If the maximum number of iterations is not reached, go back to step 3.
RESULTS
Simulation results
The proposed algorithms and procedures presented in section 2.4 were used to design controllers to balance the developed bicycle robot BICYROBO with the analytical dynamics model described in section 2.1. The algorithms were developed and implemented in MATLAB. The obtained controllers were simulated in Simulink, a multidomain simulation platform. Substituting the parameters in Table 1 
Substituting W 1 and W 2 into equation (5), and using equations (8) to (11) , a value of c opt 5 1.5216 was obtained. The stability margin was e opt 5 0.6572.
Taking e~0:6363ve opt and using equations (12) to (14) , the full-order controller can be written as 
This full-order controller has an order of six. Therefore, it is difficult to implement in reality. In the following sections, implementation of the first and second-order controller designs is demonstrated and compared. A comparison of the computational time of PSO-based and GA-based algorithms is also included.
First-order controller design
A first-order controller is a structure-specified controller which is presented in equation (25). The following parameters were selected: The PSO algorithm was used to search for parameters of the controller (a 0 , b 0 )
In the PSO algorithm, the weight w is automatically changed so that the algorithm converges slowly to the optimal solution at the end of the search process in order to avoid premature convergence. The initial weight was set to w 5 0.95, and the final weight was set to w 5 0.4. The velocity limit {v max , v max ½ was set to [2100, 100]. The developed algorithm was run for ten trials, and in all cases the same value of the cost function was obtained as follows: J cost 5 c opt 5 1.8365 (e opt 5 0.5445). The obtained controller is
Figure 3(a) shows the convergence of the algorithm of three simulations. Figure 3(b) presents the step response of the closed-loop system using the obtained first-order controller.
Second-order controller design
The second-order controller is a structure-specified controller which is presented in equation (27). The dimension of each solution candidate in the secondorder controller is four; and the PSO algorithm was used to search for the parameters of the controller (a 0 , a 1 , b 0 , b 1 ). The same parameters of the PSO algorithm defined in the first-order controller were used
The developed PSO algorithm was run for ten trials, and the values of the cost function was obtained as follows: J cost 5 c opt 5 1.798 (e opt 5 0.556 17). The second-order controller can be written as K 2 s ð Þ~1 29:7sz499:6 s 2 z6:835sz16:183 ð28Þ Figure 4 (a) shows the convergence of the algorithm for the three simulations. Figure 4(b) shows the step response of the closed-loop system using the obtained second-order controller.
Comparison between the first and secondorder controllers
In this section, the step responses of the closed-loop systems which use the PD, first-order, second-order, and full-order H ' loop shaping controllers are evaluated and compared with each other. By tuning the parameters K P and K D of the PD controller, a satisfied step response which has the same response time as the proposed structurespecified controllers could be obtained. The PD controller can be expressed as Fig. 3 (a) The cost function value versus the generation number of the three simulations and (b) the step response of the first-order controller Fig. 4 (a) Cost function value versus the generation number and (b) step response of the second-order controller
The PD controller was used for the proposed bicycle robot BICYROBO, and it was favoured over the PI or PID controllers because of the two following reasons.
1. The PD controller has a smaller maximum overshoot due to the 'faster' D action compared to the P and PI controller; and the overshoot is very important because the system will oscillate and become unstable if the overshoot is too large. 2. The angle, angular velocity, and angular acceleration of the robot were directly measured; however, the integral component 'I' was not directly measured. If the PID controller is used, the 'I' component must be indirectly derived from other measured variables; this leads to the increased accumulative error for the system.
A comparison of the step responses is shown in Fig. 5 . The step responses of the two systems which respectively use either the conventional H ' loop shaping controller or the proposed structure-specified H ' loop shaping one are similar. These two systems show better results compared to those obtained using the PD controller.
In order to compare the PSO-based algorithm with the GA-based one, the MATLAB Genetic Algorithm and Direct Search Toolbox was used to search for the parameters of the first-order controller with the following set up:
(a) the population size was 20, (b) the parameters initial range was [0, 100]; (c) the maximum number of iterations GenMax was 100; (d) the crossover fraction was 0.8; (e) a Gaussian mutation was used.
The algorithms were run for ten trials. The results of the ten trials are shown in Table 2 .
In order to compare the computational time required by the PSO-based and GA-based algorithms, simulations were conducted on a Pentium 4, 2.8 GHz, 512 MB RAM computer running MATLAB version 7.0. In the first-order controller case, the average computational time of the ten trials was 305 s for the PSO-based algorithm whereas it took 468 s for the GA-based algorithm. Similarly, in the second-order controller case, the average computational time was 398 and 517 s for the PSO and GAbased algorithms respectively.
In order to compare the robustness levels of the proposed first-order PD controllers the nominal Fig. 5 Step responses of a closed-loop system: (a) the PD, first-order, and full-order H ' loop shaping controllers and (b) the PD, second-order, and full-order H ' loop shaping controllers An additional load of 20 kg was added and the flywheel speed was reduced to 104.72 rad/s. The nominal transfer function of the robot in this case is
The step responses of the closed-loop system using the proposed first-order controller and the PD controller for the two test cases are shown in Figs 6(a) and 6(b) respectively. The simulation results show that the proposed first-order controller is robust to parameter variations in both test cases whereas the system became unstable if the PD controller is used.
Experimental results
The experiments were conducted on the developed bicycle robot BICYROBO [15] , which was equipped with the following components: The programs were coded in the C language and implemented on PC/104, a 300 MHz CPU embedded computer with a sampling time of 12.5 ms. The lean angle of the bicycle robot is read from the vertical gyro-sensor VG400CC via the A/D extended board. The calculated output voltage from the D/A extended board is sent to the external PWM and driver circuit in order to control the DC motor of the flywheel control axis. The angular position of the Fig. 6 The step responses of the closed-loop system using the proposed first-order controller and the PD one for the two test cases: (a) test case 1 and (b) test case 2 flywheel control axis (Q) can be read from the E6B-CWZ rotary encoder. For the case where the measured lean angle is zero and the bicycle robot is not at the balancing position, the reference point must be changed to eliminate continuous rotation in one direction of the flywheel. In order to evaluate the balance performance and robustness of the proposed first-order controller, the experimental system uses the first-order controller as well as the PD one for which the forward speed of the bicycle robot is zero. The controller of equations (26) and (29) is converted into the discrete forms K(z) and then coded in the C language on the embedded PC for the experiments. The lean angles of the system are saved in a file while the program is running. Finally, in order to evaluate whether or not the developed first-order controller is robust when the loads are applied on the system, additional 4 and 8 kg iron weights are used for the experiments. Figure 7 (a) presents the balance performances of the bicycle robot without the applied loads. The proposed first-order controller shows a better balance performance compared to the conventional PD case. When the extra loads were added to the system, it is still stable as shown in Fig. 7(b) . Figure 8 shows the developed bicycle robot BICYROBO in action with the additional 8 kg iron weight being visible in this case.
CONCLUSIONS
A method for designing a structure-specified H ' loop shaping controller to control the balance of a bicycle robot based on PSO algorithms has been successfully investigated. The developed controllers not only satisfy the crucial design requirement about the simplicity of the structure, but also achieve a robust performance of the controller against uncertainties.
The succesfully developed structure-specified H ' loop shaping controller design algorithm is different to the structure-specified mixed H2/ H ' controller design algorithm of Bui and Parnichkun [15] in terms of both the design methodology and the cost functions to be minimized. In the structure-specified H ' loop shaping controller design algorithm, first, the plant or controlled object is shaped with the weighting functions W 1 and W 2 , and then only the H ' norm of the closed-loop transfer function is minimized. However, in the structure-specified mixed H 2 /H ' controller design algorithm, both the H ' and H 2 norm of the closed-loop transfer function are minimized.
First and second-order controllers are designed in which the obtained stability margins e opt are equal to Fig. 7 Balancing performance of the bicycle robot (a) without the applied loads and (b) with the applied loads Fig. 8 The developed bicycle robot BICYROBO in action 0.5445 and 0.55617 respectively. These stability margins are close to the stability margin of sixthorder controllers (e opt 5 0.6363) designed by the conventional H ' loop shaping method. The presented simulation results showed that the performance of the closed-loop system that uses the proposed firstorder controller and the one that uses the full-order controller are similar; and they are better than the performance of the closed-loop system that uses the PD controller. In addition, the closed-loop system that uses the proposed controllers is strongly stable when the applied system parameters are varied; meanwhile it is unstable if the PD controller is used. For the case where extra weights are not added to the system, the experimental results showed that the proposed first-order controller gives a better balance performance with lean angles of less than 0.5u; however, the lean angle is almost 1u if the PD controller is used. When the additional weights are applied to the system, the one that uses the proposed first-order controller shows a good balance performance and robustness with obtained lean angles of less than 1u.
The design method for the proposed PSO-based structure-specified H ' loop shaping controllers is straightforward and conveniently implemented. Although the developed algorithms were demonstrated on a SISO unstable system, they can be extended to MIMO systems.
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